Abstract. We have studied the sublimation and breakup of single 100-200/•m frost particles levirated electrically at temperatures in the range -2øC to -30øC. Breakup rates were largely independent of temperature and humidity in this range but strongly dependent on particle shape. Irregular particles of high aspect ratio were most likely to break up. Sublimation (evaporation) was accompanied by an increasing aspect ratio. A linearized sublimation model, presented in the appendix, accounts for the observation that thin neck regions were not subject to enhanced sublimation rates. Estimates of the forces involved in breakup suggest that the breaking strength of these frost particles is considerably less than that of bulk ice. We discuss possible implications of our results for ice particle multiplication in clouds.
[1996] report several observations of extremely high ice particle concentrations at temperatures near -15øC, a temperature at which dendritic crystals are common and the HM process is ineffective. Although it is possible that splinters produced by the HM process at, say, -8øC are advected up to the -15øC level, it seems likely that we need to invoke other mechanisms for multiplication to explain the observations. Moreover,_Rangno and Hobbs [1991] estimated that the glaciation they observed was an order of magnitude faster than could be accounted for by the HM process alone. It therefore is of interest to examine the simplest possible ice multiplication mechanism; namely, breakup of complex ice particles, which may operate over different ranges of the relevant parameters.
Previous Experiments and Motivation for This Work
Previous authors have studied the breakup of ice particles grown on substrates. Schaeffer and Cheng [1971] Because of the need for substrates in these experiments, the mechanics of the breakup could not be studied with sufficient detail to estimate the breaking strength of the particles, needed for eventual prediction of the role of breakup in clouds. The levitation of ice particles in our electrodynamic balance eliminates the need for a substrate and allows observation of single particles over periods of up to several hours (depending on the growth or sublimation rate). Thermal and epitaxial effects of the substrate can be avoided and atmospheric conditions can be closely mimicked, although the following differences should be noted:
1. The particles carry charge and experience electric fields that are not always present in the atmosphere. Electric fields are known to modify growth rates of ice particles at ambient field strengths of 5 x 104 V/m [Bartlett et al., 1963; Crowther and Saunders, 1973] , about an order of magnitude stronger than the fields in our chamber. Crowther and Saunders [1973] found that needle-like ice crystals were affected but hexagonal plates were not, suggesting that field enhancement at tips may be important. The effect on sublimation rates is not known, but the rounded habits of sublimating particles are likely to minimize electrical effects. The effect of surface charge density associated with net charge is not known. In general, a change in overall sublimation rate in our experiment should not affect the likelihood of eventual breakup.
2. The particle motion is dissimilar to that of atmospheric particles. We chose to study frost particles partly because of the ease of introduction into the balance and also because they are expected to behave similarly to both dendritic particles in clouds and frost grown on graupel. The goals of our experiments were the following:(1) to explore the ambient conditions and particle shape characteristics leading to breakup, (2) to measure the shape evolution of sublimating particles, and to compare with predictions based on a simplified model, and (3) to estimate the breaking strength of small frost particles. In addition to these experimental goals, we also set out to estimate the relative importance of breakup during sublimation to cloud glaciation.
Experimental Procedure

Apparatus
The apparatus consisted of an electrodynamic balance with an internally mounted diffusion chamber, shown schematically in Figure 1 
Experimental Protocol
The chamber was cleaned daily with deionized water and every 2 weeks using isopropyl alcohol followed by deionized water. The supersaturated conditions in the diffusion chamber caused frost to grow overnight on the chamber walls and on the rings in the center. Before each experiment, the frost was removed from the walls, producing an assortment of frost particles at the bottom of the chamber. A hypodermic needle was used to "flick" frost particles up, causing a single particle to bc trapped between the rings. The particles carried a net electrostatic charge with a typical magnitude in the range 0.1-0.5 pC; both signs of charges were seen, although most (about 80 %) were positive.
The dc voltage and ac frequency were adjusted to hold the particle steady at the center of the balance. Periodically, at intervals of about 2 min, the frequency was reduced until the onset of vertical instability in the orbit was reached, at which point the frequency and voltages were recorded; these data carry information on the particle size and charge (see section 2. The temperature difference between the endcaps was set between 0øC and 15øC and the lamp intensity together with the infrared filter-mirror combination was used to control the conditions at the center of the balance. In general, with low intensity and with the filtermirror in place, the particles grew, while sublimation could be achieved by removing the filter-mirror and increasing the light intensity. The dc voltage and ac frequency were continuously varied to keep the particle localized at the balance center, although it became the digital images at the various magnifications of the telemicroscopes; this calibration agreed to within 5% with images of a 20 /zm polystyrene latex sphere that we trapped and imaged in the balance. Linear dimensions and projected areas were measured digitally using the frame grabbing software to an accuracy of a few percent; in most cases the limiting factor was not the resolution of the camera but reorientation of the particle. Because of the irregular shapes of the particles, any realignment tended to create large uncertainties in size measurements. For this reason, accurate optical size analysis was possible only in the few cases where the particle orientation with respect to at least one of the cameras remained steady. The resolution limit at the highest magnification was of the order of 1 /•m. All of the linear dimensions reported in this paper were measured optically, though it is also possible to infer an equivalent linear dimension using only the instability measurements [Swanson et al., 1998 ].
Size and Charge Determination.
In addition to the optical measurements, the voltages and Vdc and the frequency of orbital instability f can be used to obtain the mass, charge, and equivalent radius req of the particle (the radius of a sphere of equal volume). Briefly, the levirating voltage gives the chargeto-mass ratio of the particle, while a second relationship is obtained from the instability measurement, given the approximation that particle behaves dynamically like sphere of equal volume. Details of this analysis are given by Swanson et al. [1998] . In our experiments particle sizes and linear dimensions were measured optically, and the instability data were used only to determine the charge, given by 4•rpg zo r 3 e--,
3Co V& where p is the particle density, z0 is the chamber height, and Co = 0.69 is a dimensionless constant set by the geometry of the balance. Because the equivalent radius req is cubed in (1), an error in req can produce a substantial error in q: up to 50% in the cases of rapid sublimation when there was not sufficient time for accurate instability measurements. We hope to improve on this in future work. We have no way to estimate the error in the density of irregular-shaped particles, for which determination of the volume of a particle is problematic.
We used a value of p -910 kg/m •, which is an upper limit for frost; hence the charge we calculate should also be seen as an upper limit.
Temperature and relative humidi•y estimates.
It was not possible to measure the temperature T and relative humidity at the center of the ance. Instead, a relaxation code was used to deduce temperature and a vapor content at the center of the balance from the measured temperatures of the walls and the endcaps, assuming saturated ice/water conditions at the boundaries. Direct radiative heating of the particle did not appear to be the dominant cause of sublimation, although this may play a role. Also at play is the indirect heating due to absorption by the window, rings, and surrounding air, which raises the ambient temperature thereby causing sublimation under conditions that more closely resemble those in clouds.
We estimated the role of direct and indirect heating effects by noting that they lead to distinct size versus time dependences. The glass window strongly absorbs at wavelengths longer than about 1.5/•m; ice is weakly absorbing in the range 0.6-1.5 /•m. For sublimation due only to this weak absorption, the direct heating rate scales with the particle volume, leading to an exponential decay of the equivalent radius, which was not observed. The shapes of the inferred radius versus time graphs indicate that indirect heating was the dominant mechanism of sublimation: We found that by adding an offset to the center temperature, the sublimation data could be fit with a simple model of vapor and (latent) heat diffusion. When the lamp was turned to full power without a heat filter, an offset of 1.2øC fit the data well throughout the temperature range of our observations.
Results
Conditions Leading to Breakup
We observed no breakup during the growth of 30 frost particles grown at rates ranging from 0.005 to 0.15 /•m/s. We saw frost particles break up during sublimation on numerous occasions, and the results are summarized in Table 2 , which shows the bulk average properties of particles that broke up and those that did not. The sublimation rates ranged from 0.005 to 1.7
Particles that broke up tended to be aggregate or irregular in character, and in all such cases, the original particle had a neck region that was thinner than adjacent sections. The particles are separated into those that broke up and those that did not. The size given corresponds to the maximal dimension of the particles and is reported with standard deviation. Particles that broke up were on average larger than those that did not. No significant difference in average temperature or charge on the particles is found. perature for all the breakup events. Particles that reoriented prior to breakup appear as triangles; they are seen to be concentrated at higher temperatures. During the course of the experiment, the opposite of breakup, sintering, was seen on 5 occasions. This occurred as a result of a second particle falling into the balance, presumably from the walls or the rings. Apparently, the two particles were of opposite charge as they were observed to attract one another. This hypothesis is supported by the inferred charge on the particle, which decreased at the sintering event (see Figure 5) .
In one case, the sintered pair was observed to separate after a period of sublimation.
Optical Analysis
When it was possible to make reliable measurements, the length, neck diameter, and, if appropriate, the dimensions of other features on the particle were measured. Figure 6 shows a schematic view of a particle for ing on the humidity). Our results do not indicate any dependence of the breakup rate on relative humidity.
Of the 44 breakup events, only one or two took place during an instability measurement, indicating that the accelerating forces did not play a significant role in the breakup process (see section 4).
Analysis of digitized images allowed measurement of the diameter of the neck the instant before it broke. In cases where an accurate measurement was possible, the diameter was found to be between 4 and 10 pm. In some cases, prior to breakup, the two fragments of the particle were observed to twist, rotate, or generally reorient relative to each other. Breakup usually followed a few seconds later but in some cases occurred a few minutes after the reorientation. This was particularly common at the higher temperatures, though a momentary twisting immediately before breakup was seen at -180 C and at -28øC . 
The Mechanism of Breakup
In order to estimate the breaking strength of the frost particles, we now consider the various forces that might act to break up a frost particle levitated in our balance and try to give estimates for each. We shall argue that Coulomb self-repulsion is the dominant force that causes breakup in our experiment, and we will use our estimates of this force to derive a breaking strength for frost. We consider this force to be important in our experiment but not central to the breakup of particles in general, since continued sublimation would no doubt lead to breakup in the absence of this mechanism. 4.1.1. Induced charge. The electric fields in the balance give rise to an induced dipole moment on a particle, leading to a mechanical tension within the particle (the two ends of the dipole experience opposite forces in the ambient field). 
Differential drag.
The drag force acting on a particular section of a particle will not in general scale with the mass of that section, resulting in a tension or compression within the particle. To estimate the magnitude of this force, we consider an idealized particle made up of two spheres of radii al and a2 connected by a thin bridge. We consider motion along the axis of the particle, and from the StokesJan drag acting on each sphere (the drag on the bridge section is neglected), we calculate the tension in the connecting section as is not an unrealistic approximation for the charge distribution on a thin prolate object.) Using characteristic values of charge and particle dimensions for our particles, we found that this repulsive force was in the range 10 -7-10 -8 N (see Table 3 ), orders of magnitude larger than the other force estimates. Therefore we assume that this force is the most important for particle breakup in our experiment, and we use it to estimate the breaking strength of the ice particles.
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Breaking Strength
In order to relate the force estimate to a breaking strength for the particles, we must consider the nonuniformity of stress due to bending moments on a particle.
These arise because the net force acts off the axis of the neck region, generating .a bending moment that must be counteracted by differential stress across the neck.
For the particle shown in Figure 6 , we can calculate the stress variation across the neck assuming the cross section to be a square with side d and that the force ff acts off the axis at a distance b from the center of the The data in the first three columns are used to derive the Coulomb force, as described in section 
Effect of Impurities
The concentrations of chlorine ions shown in Table 1 are comparable to those found in rainwater, and those of sulfates and nitrates are about 2 orders of magnitude smaller [Warneck, 1988] . We do not have information on contamination of atmospheric ice particles with which to compare our data nor on levels of organics in atmospheric ice or rain. It should be noted that the contamination levels we report apply to frost particles gathered in the balance over a 2 week period, and do not necessarily correspond to the levels in the actual frost particles that we studied. Our analysis did not test for the presence of ammonia or C02, both ubiquitous in the laboratory and both associated with the weakening of ice at high concentrations (in excess of 3 ppmm) [Mossop, 1980; Nakamura and Jones, 1973 ].
We were unable to investigate the effects of impurity concentration in grain boundaries and effects of incorporated air on the plasticity of the ice. Table 3 ).
Plastic Deformation as a Breakup
It shofild be added that we had no direct measure of the crystallinity of the particles. We suspect that the grains are at least 10 •um in extent, since particles of that scale usually grow (if we change the conditions in the chamber) with habits characteristic of single crystals, while larger-seed particles tend to develop complex polycrystalline habits. to the radius; we interpret this in terms of shadowing by the surrounding protuberances. As discussed in section 3.1, we were able to measure aspect ratios of the sublimating particles and found that they increased, or at least-did not decrease, with time for all of the (above-mentioned) sublimating particles over the measurement period (Figure 8 shows one example). Our results are in contrast with the capacitance model of crystal growth and sublimation, in which the aspect ratio is maintained as the overall size changes, according to c= F a, where c and a are the height and width of the particle, respectively, and F is the aspect ratio.
Application to the Atmosphere
In the experiments described here, the ice particles carried significant charge, and, according to our estimates, Coulomb self-repulsion was the dominant cause of breakup. In a cloud, the particles would not carry such high amounts of charge (except in thunderclouds); however, our graphs of neck diameter versus time strongly suggest that, had breakup not occurred at the electrostatic limit, in each case, the neck would have continued to sublimate, leading to breakup due to differential drag or simply loss of material. Extrapolation of Figure 8 One possible field test of the mechanism we propose would be a comparison of ice particle concentrations measured at different points within a cloud. Higher concentrations in undersaturated downdrafts would support our hypothesis.
Conclusions
We have seen that frost particles break up during sublimation over the temperature range -30øC to 0øC at relative humidities (with respect to ice) 100% > RHi >_ 85%, and that the probability of breakup is a strong function of particle shape. We saw breakup in the range of parameters for which Oralray and Halleft [1989] , who studied larger particles, did not. Accelerated sublimation of neck regions was not observed, an effect that we have explained via a simple model. Estimates of the breaking strength indicate that the frost particles are much weaker than bulk ice, possibly owing to basal slip in single-crystal sections.
The process that we have observed could be important in cloud glaciation depending on the particle shapes that are grown. Since it is the irregular particles 
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To estimate the magnitude of the second effect, we consider a cylinder with slightly varying radius sublimating sufficiently slowly that we can ignore transients in the vapor field. We consider only the diffusioncontrolled regime in which the number density of water molecules in the vapor n satisfies Laplace's equation V'2n = 0. The narrowing of a segment on our cylinder will tend to increase the gradient in vapor density at the surface and hence, at first glance, will tend to increase the flux of vapor away from the surface. We assume the temperature is uniform along the cylinder, a valid approximation for slow sublimation since the thermal time constant r = pca2/[i'th is of order 10 -2 s for an ice particle of 100 •m scale (p is the density of ice, c is the specific heat, a is the particle size, and Kth is the thermal conductivity). In order to maintain the uniform equilibrium vapor pressure at the surface, the vapor field is perturbed with a decay length dependent upon the wavelength of the radius perturbation. The result, as we shall see, is that only perturbations of wavelength long compared with the cylinder radius are expected to grow. 
where Ko(kr) is the modified Bessel function; note that
